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Measurementsofliftweremadeonvariousrectangular-plan-formwings
clifferingintrailing-edgethickness,profileshape,maximumthictiess
ratio,andaspectratio.TheexperimentswereconductedatMachnumbers
between1.5sad3.1, atReynoldsnumbersbetween0.55and2.2million,
andonwingswithandwithoutboundary-layertrips.Themeasurementsare
comparedtotheoreticalcalculationsbasedonbothsecond-orderandshock-
expansiontheory.Calculatedresultsusingshock-expansiontheoryare
presentedforMachnumbersbetween1.5and10.

InW casestheexperimental.valuesoflift-curveslopeforwings
havinga blunttrailingedgewerehigherthanthoseforwingsof equal
thicknessratiohav3nga sharptrailingedge,withthedifferenceinmost
casesvaryingfroma fewpercentto about15percent,dependingprimarily
ontrailing-edgethickness.Theagreementbetweentheoreticalcalculations
andexperimentwasreasonablygood.Thecalculationsfor5-percent-thick
airfoilsat 5° angleofattackintheWch numberrangebetween7 and
infinityindicatebetweenabout15-and2~-percent-higherliftforfull-
bluntairfoilsthanforsharp-trailing-edgeairfoils.

J3J’PRODUCTION

Theuseofairfoilswithappreciabletrailing-edgethiclmesshas
receivedlittleattentionpriortothelastfewyearspresumablybecause
ofthehighdragassociatedwitha blunttrailingedgeatlowspeeds.
Recentlytheaerodynamiccharacteristicsofblunt-trailing-edgeairfoils
athighvelocitieshavebeeninvestigatedconsiderablyboththrough
experimentsandtheoreticalanalyses.Suchinvestigationshavebeen
conductedpartlybecauseoftheevidentstructuraladvantagesof employing
a moderatelythicktrailingedge,atiSJ.SOP*1Y becameof se~er~aero-
dynamicadvantagesthatexistundersomeconditions.Someoftheseaero-
dynamicadvantagesobservedfromexperimentsare: an improv~t in

%upersedesrecentlydeclassifiedNACARMA52D17by DeanR. Chapman
andRobertH.Kester,1952.
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andcontrolcharacteristicsattransonicvelocities,‘a
profiledragatmoderateandhighsupersonicvelocities,

andan increaseinlift-curveslopeat supersonicvelocities.Thepiesent
investigationis concerndsolelywiththeliftcharacteristicsofbluut-
trailing-edgewingsh supersonicflow.

Thefirstindicationofpossibleincreasesinlift-curveslope
throughtheuseofa thicktrailingedgeat supersonicvelocitieswas
givenbythecalculationsandexperimentsof13usemannandWdchna
(reference1). Thesecalculationshavebeenelaboratedinreference2,
andpartiallyverifiedbytheexperimentsofthattivestigationwhich
showedin onecasea ly-percent-higherlift-curveslopefora 10-percent-
thickblunt-trailing-edgewingthanfora sharp-trailing-edgewingof
equalthiclmess’.

Thepurposesofthisreportare(1)to determineexperimentallythe
extenttowhichtheoreticalcalculationspredicttheincreaseinlift-
curveslopeattatibleby usinga thicktrailingedgeat supersonicMach
numbersupto 3, and(2)topresentresultsbasedon shock-expansion
calculationsofthetheoreticalincreaseinlift-curveslopeattainable
atMachnuuibersup to10.
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NOTATION

aspectratio

airfoilchord

()
liftcoefficient~qms

lif%coefficientofblunt-trailing-edgeairfoilminuslif%
coefficientof sharp-trailing-edgeairfoilof eq@l.maximum
thicknessratio

liftforce

trailing-edgethickness

Machnumber

staticpressure

base‘ressweCoefficimt(%5’)
dynamic pressure

Reynoldsnumberbasedonwingchordandfree-streamcondition
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maximumairfoilthickness

m plan-fOrmarea

chordwisedistancefromleadingedgeto firstpositionof
maximumthiclmess

chordwisedistancefromleadingedge

ordinateofairfoilsurfacemeasuredfromchordline

lifi-curveslopeofblunt-trailing-edgeairfoilminuslift-
curveslopeof sharp-trailing-edgeairfoil;bothslopes
evaluatedat a . Oo

angleof

boa~ail
angle)

ratioof

attack

single(one-halfthetotalincludedtrailing-edge

specificheats(1.~ forair)

smgl.esdefiningatifoilshape

o

b

(Seefig.2.)

Subscripts

sharp-trailing-edgeairfoil

freestream

base

APPARATUSANDT=T PROCEDURE

WindTunnelandBalance

ExperimentswereconductedintheAmes1- by s-footsupersonic
windtunnelsNo.1 andNo.2. TheNo.1 tunnelis oftheclosed-circuit
continuous-operationtype, andtheNo.2 tumnelisoftheblowdowntype.
Bothtunnelsareequippedwithflexible-platenozzlesforvaryingthe
testMachnumber.Reynoldsnumbervariationisaccomplishedby changing “
theabsolutepressurelevel.Ihordertominimizeeffectsofhumidity
onthesupersonicflow,thespecifichumiditythroughouttheinvestiga-
tionwasmaintainedatlessthan0.0003poundwatervaporperpoundof
dryair.

....—. . ——.-— ________ _. ~—.. _ ———
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Aerodynamicforcesandmomentsactingon eachmodelweremeasuredby
.

meansofa three-componentelectrical-strain-gagebalanceshieldedfrom
theoncomingflowinthemannerindicatedby thephotographsoffigure1.
Strain-gagetemperatures,asmeasuredby thermocouplesconnectedto a
recordingpotentiometer,wereusedto correcteachgage
smalltemperatureeffect.

ModelsandSupports

Wingsemployedforthisinvestigationweremadeof
andpolishedsurfaces.To shrp13fytheirconstruction,
rectangularplanformwithuncsniberedairfoilsections.

readingforthe

steelwithground
theywereallof
Threeofthe

wingsonwhichforcemeasurementsweretakensre,showninthephotographs
offigure1. Thevariouswingstivestigated,detailsofwhicharegiven
infigure2,weredividedintothree~oups accordingto airfoilshape
forwardofthetrailingedge.Wingsofthefirstgroupwereconstructed
withstraightsidesanddifferedprimarilyinmadmumthiclmessratio t/c
andtrailing-edgethicknessratioh/t. (Seefig.2(a).)Thissame
groupofwings,termedthe‘thiclmessgroup,”wasemployedinthebase-
pressureinvestigationofreference3, andmostofthepresentdatafor
thesewingswereobtainedsimultaneouslywiththebasepressuredataof
thatreference.Thesecondgroupofwings,profilesofwhichareshown
infigure2(b),alsowereconstructedwithstraightsides.Wingsofthis
group,termedthe“boattailgroup,”differedprimarilyinboattailangle
(one-halfthetrailing-edgeangle),andwereemployedintheinvestiga-
tionofreference3. Thethirdgroupofwings,profilesofwhichare
giveninfigure2(c),wereconstructedwithcircular-arcairfoilsections.
WingS ofthisgroup,termedthe‘tcircular-arcgroup,”wereemployedin
theinvestigationofreference2.

Allwingstestedweresupportedfromtherearas shownbythe
photographsoffigure1. Asymmetricstings(fig.l(c))werepermanently
attachedtothewingswithcircular-arccontoursatan initialangleof
incidenceof4.5°, which,togetherwiththe*5.5° anglerangeofthe
balance,provideda rangeofnominalanglesofattackfrom-1°to+lOO.
Thenominalangle-of-attackrangeforthewingswithstraightsideswas
*5.5°, as these-S weretestedwiththesymetricalbodysupportsand
stingsupports(figs.l(a)andl(b)).

TestMethodsandReductionofData

OvermostoftherangeofReynoldsnudbersinvestigatedinthe
presenttests,laminarflowwasexpectedovertheentiresurfaceofa
smoothwing. Thisexpectationwasverifiedby theChina-claytechnique
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as showninreference3. Hence,in orderto simulatethecaseofa tur-
bulentboundarylayerovertherearportionofthechord,itwasneces-
saryto adda boundary-layertriptothewingsurfaces.Severaldiffer-
enttypesoftripwereusedforthispurpose.Onthewingswith
circ~-sxc airfoilsa cottonthreadofapproximately0.@6-inch
diameterwascementedspanwisetoboththeupperandlowersurfacesat
approximatelythe20-percent-chordposition.Onthewingswithstraight
sides,whichhada longerchord,itwasfoundsufficientandmorecon-
venienttouseeithera O.00’j-inchwireor a bandof lampblack.
Figurel(a)showsawing ofthethicknessgroupwiththewiretrip
attached.Theexistenceofturbulentboundarylayerswiththevarious
typesofroughnesswasconfirmedby theafore-mentionedChina-clay
technique.(Seereference3.)

Anglesofattackweredeterminedlyaddingto thenominalangleof
attacka deflectionallowanceas calculatedfromthemeasuredforcesand
momentsandthepredeterminedelasticconstants.Pressuredatarequired
fortheevaluationofReynoldsnumber,localdynamicpressure,andthe
balance-chamber-pressurecorrectionwereobtainedby meansofa multiple-
tubemercurymanometer.Machnumberwasdeterminedfromtunnelsurveys
madebeforethewingswereinstalled.

Forcemeasurementsweretakenin1° incrementsfromsmallnegative
anglesofattackto thehighestpositiveanglesprovided.A typicalset
ofliftcurvessoobtainedisshowninfigure3. Theseparticulardata
arefor10-percent-thickairfoilsofthecircular-arcgroupofwingswith
smoothsurfaces.Itmaybe notedthatextrapolationoftheliftcurves
wouldindicateintersectionata pointbelowandto theleftoftheorigin.
Thisis causedbythetunnelstreamangleandby theaerodynamictare
forcesactingontheasymetricstings.A numericalvaluefortheslope
of eachexperimentallydeterminedliftcurvewascomputedby themethod
ofleastsquaresemployingonlythelinearportionofthecurve.All
measureddatahavebeenconvertedtotheformofa fractionalincrease
inlift-curvesloperelativetothe
trailing-edgewingofeachfamily.

lift-curveslope
Thus

dCL
()
dCL

—-—

w

ofthebasicsharp-

(1)

wherethesubscripto designatesthebasicsharp-trailing-edgewing
havingthesamethicknessratioastheblunt-trailing-edgewingand
testedtiththesamesupport,inthesamestream,andatthesameposi-
tioninthetestsection.Thestingtareforcesandthedifferencesin
liftcurveswerenotlarge.Itwasunnecessaryto applycorrectionsfor
tareforces,orforthesmallvariationsin streamangleexistinginthe

—..—— - —--—
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testsection,inasmuchasall
incrementalformindicatedby

subsequentdataarepresentedinthe
theaboveequation.Absolutevaluesof

dCL
()
dCL

~ and XO arenotpresented,as suchquantitiesareaffected

ap~reciablyby supporttaresandstresm-anglevariations.

THEORETICALCALCULATIONS

As a basisofcmparisonforexperimentalresultsatmoderate
supersonicMachnmibers(say,between1.5and3),calculationsusing
eithersecond-orderairfoiltheoryor shock-e~ansiontheorycanbe
elJQIOySd. If
inlift-curve

second-rdertheoryisemployed,thefractionalincrease
slopeforanyprofileis (seereferences1 and2)

()~LA—
da

~[ 1

.Q (7+1)~4 -4(%2 - 1)
dc~ 4(W2 - 1)3/2

(2)c

F.

Inderivingthisequation,thelti forcecontributedby thepressureact-
ingonthebasehasbeenneglected.E thebaseforceweretionsidered,an

additionaltermPbh-/kc wouldappesrontherightsideof
equation(2). Forfullbluntairfoilsof10-percent-thicknessratio,
forexample,them@mum relativecontributionofbasepressuretothe
totalliftforcesmountsto about1 percent.Inthiscase,1 percentof

thetotslliftcorrespondstoabout7 percentof A
(!)l(~)d

whichissomewhatlessthantheecperimentiaccuracy.Ihasmuchasthe
contributionofbasepressuretoliftislessforthinnerairfoils,and
alsoapproacheszeroathighsupersonicMachnumbers,it.isne@ected
throughoutthisreport.

ZamakingtheoreticalliftcalculationsforMachnumbersaboveabout
3 wheresecond-ordertheorynolongerprotidesan accurateapproximation,
shock-expansiontheorycanbe employedalthoughitleadstotwocomplica-
tions. First,thelif%-curveslopedependsnotonlyon ~ andh/c,but
alsoontheentireshapeoftheprofileforwardofthetrailingedge;

henceno simpleanalyticalformulafor
‘(%)/(%)0 C=be

exhibited,andnumericalcomputationshavetobemadeforeachairfoil
at eachlkchnuniber.Second,thellftcurvesarenotifiear,thereby
introducingadditionaldependenceon a. ASwouldbe expected,however,

..-— —––— ——.
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thisnonlinearitytitroducedby shock-expansiontheoryisnegligibleat
moderatesupersonicJkh numbers,butcanbe importantathypersonic
MachnUmberS. Consequently,thequantityAC~C~ isusedlateras a

%

blunttrailinnedge

sharptrailingedge

Ac~

a

basisof comparisonforhypersonicMachnumbersratherthan

+!)/(%).. Thetwoquantitiescoincide,of course,if

curvesarelinear.

thelift

with
some

RESULTSANDDISCUSSION

Sincethetheoreticalcalculationsforairfoilsmightnotapply
adequateaccuracytotheplan-formregionswithinthetipMachcones,
measurementsoflift-curveslopewereobtainedonwingstithconstant

chordandvaryingspan.Theresultsareshowninfigure4 plottedas a
functionofthefractionofwingareablanketedbythetipI&chcones.
I?orboththethicknessgoup andcircular-arcgroupofairfoils,the
effectofaspectratio(slopeofvariouscurvesinfig.4)onthefrac-
tionalincreaseinlifi-curveslopeiaappreciable,butismuchsmaller
thanthemaximumobservedeffectofairfoil.profileshape(maximumspacing
betweencurvesinfig.4). Inviewofthisfact,andthefactthatthe
mea blanketedbytipMachconeswasrelativelysmallformanyofthe
casesinvestigated,itisreasonableto comparecalculatedresultsbased
ontwo-dimensional-airfoiltheorywithexperimentalresultsobtainedon
thefinite-spanwings.

-- —— -—..— — —. -.—
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ComparisonofExperimentalResultsWithTheoryat
Moderate

Infigure5 thevarious

arecomparedwiththevalues
shock-expansiontheory.2It

SupersonicMachNumbers

experimentalvaluesof b(~/(~o

calculatedfrombothsecond-orderand
is seenthatinallcases

4$)/(%)0ispositive,indicatingthattheblunt-trailing-edge

wingshadhigherlift-curveslopesthanthecorrespondingsharp-trailing-
edgewings.Theresultsinfigures5(a),5(b),and5(c),whichwere
obtainedwiththebodysupportatMachnunibersof1.5,1.9, and3.1,
respectively,indicatethatthefractionalincreaseinlift-curveslope
ispredictedreasonablywellby shock-expansiontheory.Thevalues

ofA(~/(~)o ~increasesomewhatastheMachnuniberincreases.

Theresultsinfigure5(d),whichwereobtainedwiththestingsupport
ata Machnuniberof2.0,alsoagreeapproximatelywiththetheoretical
calculations,althoughinthisfiguretheshock-expansiontheoryappears
nobetterthansecond-ordertheory.Thisinconsistencyisnotneces-
sarilyduetothedifferentsupports,sincethedifferencebetweenthe
dataoffigures5(b)and5(d)isofthesameorderofmagnitudeasthe
estimatedexperimentaluncertainty.

f?f( )dCL
Infigure5(e)expertientalvaluesof arepre-

X =0
dCLsentedforwingsoftheboattailgroup,where _ againcorresponds
da

tothedoublysymmetricdefilewedgeofthesamethi%c&ss.Although
theboattailule ofthesewingsvariesfrom0°to 20 , no systematic

‘=iation‘f ‘C%)K3withboattailanglewasobserved;
consequently,boattailangles”arenotdesignatedinfigure5(e).Again
theresultsappeartobe inreasonableagreementwithsecond-order
theory.Calculationsbasedon shock-eqansiontheorywerenotmadefor
thisgroupofwings.

%e calculationsemplo@ngshock-expansiontheoryactuallyrepresent
AC~C~ at a = 5° ratherthen A(dCj#du)/(dCL/ti)oat a = OO. me
differencebetweenthesetwoquantities,however,isnegligibleforthe .
Machnumberrsmgeoftheexperimentsinasmuchastheliftcurvesinthis
rmge arepracticallylinear.

—

.

— -—



NACA

8ent

TN3504 9

Itistobenotedthatthetaggedsymbolsinfigure5, whichrepre-
wingswitha boundary-layertrip,donotdiffersignificantlyfrom

theotherdatashowninfigures5(a)-to5(e).WS fitica.t,es thi the

transitionfromlaminartoturbulentflowonwingsofthethicknessand

boattailgoupsdoesnotmateriallyaffectA
(%) ’(%)( ‘id ‘s

notthecase,however,forwingsofthecircular-arcgoup at Mm = 1.5,
as isillustratedinfigure5(f).Thefractionalincreaseinlift-curve

. slopeforthecircular-arcgroupismuchgreaterforsmoothwingsthan
forwingsonwhicha boundary-layertriphasbeenapplied.An exami-
nationofthebasicdataYevealedthatthisdifferencecanbeattributed
toanunus-y lowvalueof (dCL/da)oforthesmoothsharp-trailing-
edgewing(biconvexsection),ratherthanto anyunusuallyhighvalues
of dCL/daforthesmoothblunt-trailing-edgewings.A lowvalueof
(dCL/du)oforthe10-percent-thickbiconmxairfofimightbe expected
inviewof itssizabletrailing-edgeangle(approxhately22.&),andh
viewofthefactthattheReynoldsnumberofthetestresultspresented
infigure5(f)isrelativelylow.

calculations

Therelativeliftofa

forHypersonicMachNumbers

wedgeprofilecomparedto a symmetricdouble-
wedgeprofileis showninfigure6-asa functionofMachnuuiberfor .
thicknessratiosof 5 and10percent.Thetheoretic&1.cues of
tiL/CL

f
extendtoa Machnumberof10 andwerecomputedby shock-

expansontheory..Itis seenthatfor t/c= 0.05 thecurvesrepre-
sentinga = 5°anda = 10° arequiteclosetogether.Thisisa conse-
quenceofthefactthattheliftcurvesarenearlylinearovertheMach
numberrangeshown.However,italsoisapparentfromfigure6 thatfor
t/c= 0.10 thecurvesrepresentinga = 5° anda . 10° beginto diverge
atMachnumbersaboveabout6, indicatingthattheliftcurvesare
becomingsignificantlynonlinear.Intiewofthisdivergenceabove
M& s 6 fort/c= o.1o,itistobe expectedonthebasisofthehyper-
sonicsimilarityrulethatthecurvesfor t/c= 0.05wouldbeginto
divergeabove~ x 12.

AtMachnumbersnear10,figure6 showsthattherelativeincrease
in CL at a = 10° isappreciablygreaterthanat a = 5° forthe
10-percent-thickairfoils.Thistrendisconsistentwiththetrendthat
wouldbe expectedatthelimitas ~ approachesinfinity,asmaybe
deducedfromthereasonimgwhichfollows.At thislimit,thesurface
pressureonthinairfoilsisappro-tely proportional.to thesquare
ofthelocalangleof inclinationrelativeto thefree-streamdirection.
Sincethepressureonanyelementof surfacefacingdownstreamis zero,
itfollowsthatat a . 0°

—- ---——— -.— - —— - -. —__ ._. _ ._ _
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and,hence,forairfoilsof eqyalmsximumthictiess,A(~)/(~).

approacheszeroas Mtiapproachesinfinity,irrespectiveofthetrailing-
edgethicknessor shapeoftheprofile.Ontheotherhand,thecorre-

spodingvaluesofboth A(~)/(~). andX~C& at a finite@e

arenotzero.Forexample,themaximumvalue
airfoilcompsredto a double-wedgeairfoilof
easilycalculatedfromelementarycslculusto
airfoilsthismaximumvalueisindependentof
twoairfoilsandoccursatanangleofattack
thesemileading-edgeangleofthewedgeairfoil.Therefore,atveryhigh

of AQJQ fora wedge
equalthl~ess ratiois
beabout0.25.Forthin
thethicknessratioofthe
approximateely4.5times

supersonicMachnumbersitwouldbe expectedthat A
(~)/(%90 at ~~

a = 0° wouldbe smsll,andthat AC~C~ wouldincreaseas a increases
untila ~ (somewhatlessthanO..@ isreached.As preciously
mentioned,sucha trendis consistentwiththatindicatedinfigure6.

In figure7 theoreticalcurvesof AC~C~ at a = 5° aresham
asa functionofMachnumberfortwotypesofairfoils,each5 percent
thick.Thedatapointsrepresentingthepresentexperimentsatmoderate

supersonicMachnumbersactualJyrepresentA
(~)/($)o~ buth ‘Ms

Machnumberrangethe1~ curvesup to a = 5° arequitelinearandthe
tWOquantitiesareSlibstantisJ.lyeqgal.Itisseenthatthedifference
betweenthecurves,onerepresentingcircular-arcairfoilsandtheother
straight-lineairfoils,isrelativelymall. Also,itis evidentthat
theexperimentaldata(exceptforthoserepresentinglaminarflowover
circular-arcsections) areinreasonableageementwiththetheoretical
curves.

CONCLUDINGREMARKS

Theeffectoftrailing-edgethicknessonthelift-curveslopeat
moderatesupersonicMachnumbersmaybe estimatedwithengineering
accuracybythefollowingsimpleformula:

.

.— . .._ .
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. Thisempiricalrelationwasobtainedby plottingalldataforwings
withboundary-layertripsona singlegraphusing h/c astheabscissa.
(Seefig.8.) TMS empiricalequation,whichequallywellfitsthemass
ofdataforsmoothwings,representsa firstapproximationapplicableto
rectangular-plan-formwingsofaspectratiogreaterthanabout1, andat
Machnumbersbetweenabout1.5and3.1. ThescatterofalldataiS such
thatthemeanabsolutedeviationof ACL/C

3
fromtheempiricalformula

isabout0.014.Ifa betterappro-tion s desiredformoderatesuper-
sonicMachnumbers,themorecomplicatedshock-eqansiontheorycanbe
employed.

At hypersonicMachnumberstheliftincrementofblunt-trail@&
edgeairfoilsrelativeto correspondingsharp-trailing-edgeairfoilsis
considerablylargerthanthatgivenby theaboveempiricalequationwhich
appliesonlyatmoderatesupersonicMachnumbers.Pueto nonlinearities
intheliftcurvesathighsupersonicvelocities,ACL/CL

$’
depends

appreciablyontheangleofattackandprofileshapeupsreamofthe
trailingedge,aswellas onthetrailing-edgethiclmess.Thetheo-
reticalcalculationsbasedon shock-expansiontheoryindicate$for
example,thatatMachnumbersbetween7 andinfinity,a 5-percent-thick
fullbluntairfoilwouldyieldbetweenabout15-and25-percent-greater
liftthana corresponding5-percent-thicksharp-traikhg-edgeairfoil.
Thisincreaseinliftislargeenoughsothatitmaybe of considerable
practicalsignificancein certaincases. .

AmesAeronauticalLaboratory
NationalAdvisoryCommitteeforAeronautics

MoffettField,Callf.,Apr.17,1952
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(a)Wingofthicknessgrouymountedonbodysupport.

(b)Wingofthicknessgroupmountedonstingsupport.

(c) wiw3of cir’c~ c groupmountedonasymmetricstingsupport.

Figurel.–Photographsoftypical’modelinstallations.
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(a) Airfoilsof thethicknessgroup;A=3; osterisk(s)ino’icates
that A =2 ono’I were also tested.

~“
Figure2.- Profilesandgeometriccharacteristicsof airfoilsinvestigated.
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(c) Airfoilsof thecircular-arcgroup;A=4; asterisk(*) indicates

that A =3.5,3,2.5,2,1.5,undI Weret7/SCItested.
Figure2.-Concluded
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Fiuure 3.- Typicallift curvesfor smoothwingsof the <ircular-arc
9TOUP;t/c= O.10,A=4, A&2.0, Res0.55x106.
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Figure 4.- Fractionalincreaseinlift-curve slopefor smoothwingsof
variousaspectratio. v
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Figure 5.- Effect of trai/in~edge thicknesson
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[f) Circulor-orcgroup,stingsupport,/?8=0.55xlo~ A=4.

Figure 5.- Concluded.
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Fl$wo 8.-Compiiotlon of doto for turbulent flow (tagged symbols In figure 5) over wings of thickness,
boattoil, and clrcufor-orc groups for olf vofues of thickness rotfo, Moth number, ond Reynolds number
investigotedj As 3 ond 4.


